relies mostly on homeostatic proliferation (den Braber et al., 2012; . Even in young adults, <20% of T-cell generation is from thymic production, which further dwindles to <1% in middle-aged individuals (Bains, Antia, Callard, & Yates, 2009 ).
Consequently, the number of naïve CD4 T cells and their TCR diversity declines with age. However, homeostatic proliferation is still efficient to maintain a large naïve CD4 compartment with high TCR diversity in healthy older adults Qi et al., 2014) .
What is currently unclear is whether older naïve T cells can maintain their multipotency. Aging is associated with T-cell-intrinsic and extrinsic changes that have the potential to influence lineage differentiation. In the murine system, T-cell aging is associated with cytokine-driven transition of naïve T cells into virtual memory cells (Renkema, Li, Wu, Smithey, & Nikolich-Zugich, 2014) . Epigenetic studies of human CD8 T cells have provided evidence for loss of stemness as indicated by increased accessibility for bZIP transcription factors with age, a signature that is also a hallmark of differentiation (Moskowitz et al., 2017; Ucar et al., 2017) . A similar but less pronounced trend is seen for naïve CD4 T cells (Goronzy, Hu, Kim, Jadhav, & Weyand, 2018) . T-cell phenotypic changes indicating an altered composition with age include the loss of CD31, CR1, and CR2 and the gain of CD25 in subsets of naïve CD4 T cells (den Braber et al., 2012; Kohler & Thiel, 2009; Pekalski et al., 2017) . Moreover, TCR activation thresholds and signaling pathways that control differentiation processes change in an age-dependent pattern. We have shown that the aging-related decline in miRNA-181a expression results in overexpression of DUSP6 and SIRT1 and attenuates TCR signaling, favoring TH2 development . Bektas et al. have provided evidence that NF-κB signaling deteriorates in old CD4 T cells (Bektas et al., 2014) . In addition to these T-cell-intrinsic changes, the aging process alters the cytokine milieu within the environment, frequently coined as inflamm-aging (Franceschi et al., 2000) . Changes in the cytokine environment not only increase tonic signaling but also induce negative feedback loops that attenuate cytokine-induced signaling ShenOrr et al., 2016) .
So far, most immune aging studies have focused on identifying a biased representation of functional T-cell subsets in the memory population. TH2, TFH, and effector memory T cells have been reported as being enriched in peripheral blood from older individuals; however, these results were inconsistent and difficult to interpret given the multitude of variables in determining the frequencies of functional T-cell subsets (Gardner & Murasko, 2018) . Only a few studies have addressed the question whether age-related T-cellintrinsic factors in naïve T cells influence TF networks and lineage proclivity. Lee et al. have described increased induction of IL17 production in naïve CD4 T cells, but decreased IL17 production of memory cells in older individuals (Lee et al., 2011) . Ramming, Druzd, Leipe, Schulze-Koops, and Skapenko (2012) have compared histone modifications in promoter regions of T-bet, GATA3, PU.1, IRF4, and RORC in neonatal and adult naïve T cells and have identified age-and differentiation-related histone modifications in the PU.1 promoter that influenced TH9 differentiation. No difference was seen for the other transcription factors. While the studies by Ramming examined TFs involved in T-cell differentiation in early age, they raised the possibility that TH9 differentiation may be of interest for immune aging in general. The signature cytokine for TH9 cells is IL-9, a pleiotropic cytokine that has been initially defined as a growth factor for T cells and mast cells. More recent studies showed IL9 activity on a number of distinct cell types, including airway and intestinal epithelial cells and airway smooth muscle cells, highlighting its role in mucosal inflammation (Kaplan, Hufford, & Olson, 2015) .
Here, we describe that naïve CD4 T cells from individuals older than 60 years are prone to differentiate into TH9 cells. Age-associated changes in TF networks of naïve CD4 T cells appeared to contribute to this differentiation bias. Upon activation, older naïve CD4
T cells expressed increased cell surface density of the transforming growth factor β receptor 3 (TGFβR3) resulting in higher PU.1 expression upon TGFβ stimulation. Moreover, expression of BATF and IRF4 
F I G U R E 2 Increased expression of TGFβR3 on activated naïve CD4 T cells with age. Expression of TGFβR1 (a), TGFβR2 (b), and TGFβR3 (c) on naïve CD4 T cells from young and older donors. Cells were either nonstimulated or anti-CD3/anti-CD28 beads-activated for 3 days. Results are shown as representative histograms or mean ± SEM of ΔMFI (subtracting the MFI of the FMO control from the experimental MFI, see Table S1 ) from eight experiments. Comparisons were done by two-tailed t test, ***p < 0.001. (d) Purified naïve CD4 T cells from old donors were activated with anti-CD3/anti-CD28 beads for 3 days, then transfected with siRNA for TGFβR3 or control siRNA. SMAD2/3 phosphorylation after TGFβ1 stimulation was determined on day 5. Histograms showing efficiency of TGFβR3 knockdown are shown in Figure S3 . (e) Time course of SMAD2/3 phosphorylation after TGFβ1 stimulation. Naïve CD4 T cells from four young and four old donors were activated with anti-CD3/anti-CD28 beads at a 1:5 ratio, TGFβ1 stimulation was done on day 3. Results in (d) and (e) are shown as mean ± SEM and were compared by paired (d) and unpaired (e) two-tailed t test. (f) Purified naïve CD4 T cells from four old adults were cultured under TH9 polarization condition and transfected with siRNA for TGFβR3 or control siRNA. Cells were restimulated and analyzed by intracellular staining for IL9. Frequencies are compared by paired t test. *p < 0.05. **p < 0.01
was increased and expression of BCL6 and ID3 was reduced. The concerted activity of these changes favored the differentiation of older naïve CD4 T cells into TH9 cells.
| RE SULTS

| Aged naïve CD4 T cells are biased toward TH9 differentiation
To determine whether T-cell aging induces epigenetic and transcriptional changes that influence lineage differentiation, we purified naïve CD4 T cells from peripheral blood mononuclear cells and cultured them under lineage-specific polarization conditions for 7 days.
While we did not detect age-associated differences in TH1, TH2, or
Treg differentiation, the frequency of IL9-producing cells was increased by about 50% (Figure 1a) . We confirmed the initial screen- (Kaplan, 2016) . TGFβ activity is required for TH9 polarization at least up to 5 days of the culture period ( Figure S1 ). We, therefore, determined the expression of TGFβ receptors on naïve CD4 T cells before and 3 days after activation. At neither time point did we observe an age-associated difference in the expression of TGFβR1 or TGFβR2 (Figure 2a,b) . In contrast, the upregulation of TGFβR3 was about two-fold enhanced in naïve CD4 T cells from old individuals ( Figure 2c ). Kinetically, TGFβR3 was highly induced by T-cell activation peaking on day 3 and then declining again ( Figure S2 ). TGFβ functions by inducing the expression of the TF PU.1 required for TH9 differentiation (Chang et al., 2010; Veldhoen et al., 2008) . In longitudinal studies, PU.1 expression was first observed between day 3 and 4 of polarization ( Figure S4 ). Thus, we compared PU.1 on day 5 by flow cytometry in activated naïve CD4 T cells. We found about 30% increased expression in aged T cells ( Figure 3a ).
Silencing of
This increased expression was related to TGFβ responsiveness, because it was also seen under Treg polarizing conditions and with TGFβ alone (Figure 3b ). Moreover, PU.1 expression was sensitive to treatment with the TGFβR inhibitor SD-208 ( Figure 3c ).
| Age-associated bias in TF networks favors TH9 lineage commitment
The increased TGFβ responsiveness was sufficient to upregulate PU.1 expression, but not to bias T-cell differentiation toward other TGFβ-dependent lineages, such as Tregs. We, therefore, explored whether activated aged naïve CD4 T cells preferentially express TFs in addition to PU.1 that are important for IL9 transcription. To identify the gene regulatory regions accounting for the aging-associated differential IL9 expression, we cloned the human IL9 promoter region from −406 to +361 bp into the pGL3 plasmid and performed reporter gene assays. Naïve CD4 T cells were cultured under TH9 polarizing Overexpression of BATF increased the activity of the IL9 promoter reporter by about 2-fold, overexpression of BCL6 suppressed activity by 50%, while IRF4 and ID3 had no effect ( Figure 4d ). To examine negative or positive cooperative interactions between the TFs, we co-transfected BCL6, ID3, or IRF4 with either BATF (Figure 4e ) or PU.1 (Figure 4f ). In both the settings, BCL6 and ID3 suppressed reporter gene activity while IRF4 again had no effect.
To identify differential expression of TFs with age, naïve CD4 T cells from three young and three >60-year-old healthy adults were activated by anti-CD3/anti-CD28 beads and cultured under nonpolarizing conditions. Transcriptomes were determined by RNA-seq on day 5 of culture. As shown in the principal component analysis (PCA) of the 500 most variable genes, naïve CD4 T cells from young individuals formed a tight cluster (Figure 5a ). Naïve CD4 T cells from older individuals were clearly segregated from those of young adults in PC1 (61% of variance), while being highly heterogeneous in PC2 (24% of variance). About 340 genes were differentially expressed, with an about equal number being higher or lower ( Figure 5b , Table   S2 ). Enrichment analysis of differentially expressed genes identified WNT signaling for genes higher expressed in young CD4 T cells ( Figure S5a ) while genes higher expressed in aged CD4 T cells were enriched for cytokine-cytokine receptor interaction, TNF and NF-κB pathways ( Figure S5b ).
The heat map in Figure 5c compares the expression of IL9 and positive and negative regulators previously implicated in IL9 transcription including those that we found to regulate the IL9 promoter.
Even under these Th0 conditions, at which transcript numbers of PU.1 were too low to be reliably detected, we found increased expression of IL9 transcripts in older activated naïve T cells. TGFβR3 (Benita et al., 2009; Kurachi et al., 2014; Shaffer et al., 2008) . Statistical analysis by Wilcoxon rank sum tests. Genes with the largest aging-related increase are given in Table S3 . (e-h) Gene expression of indicated TF by activated naïve CD4 T cells cultured under TH9 polarizing conditions were determined by qPCR. Results are shown normalized to GAPDH expression and relative to the mean expression in young adults. Box plots show data from 11 experiments; statistical analysis by one-tailed t test. **p < 0.01 
| D ISCUSS I ON
In the current study, we examined whether the immune aging process impacts the plasticity of naïve CD4 T cells, thereby influencing their ability to differentiate upon activation. We show that naïve The mechanisms favoring IL9 production with age is consistent with the current thinking on how TH9 cells are generated and IL9 transcription is controlled (Kaplan, 2016; Kaplan et al., 2015; Malik & Awasthi, 2018) . Of note, a single master regulator for TH9 development has not been identified and lineage specificity appears to be conferred through a combination of TFs, which to varying degree are also involved in the differentiation to other lineages. The observed aging-associated bias toward TH9 differentiation is, therefore, not explained by a single mechanism. The increased TGFβ responsiveness with age was not sufficient to increase Treg polarization, emphasizing that this mechanism alone is insufficient to enhance lineage commitment. Although TGFβ-induced PU.1 has been clearly associated with TH9 differentiation, it is not considered a lineage-specific master regulator equivalent to Tbet, GATA3, and RORCγt for TH1, TH2, and TH17 cells, respectively (Kaplan, 2016; Zhu, 2017 GATA3, and FOXO1 at five different regulatory regions of IL9 including the promoter (Koh et al., 2018) . IL4, required in vitro in addition to TGFβ, promotes TH9 differentiation, in part by pSTAT6 inhibiting TGFβ-induced FOXP3 and T-bet expression and therefore inhibiting Treg and TH1 polarization (Dardalhon et al., 2008; Kaplan et al., 2015) . However, we did not find evidence for increased STAT6 signaling with age. Moreover, we found reduced STAT6 expression in our transcriptome study of activated T cells. IL4 also functions by inducing IRF4 that binds to the IL9 promoter region together with PU.1 (Chang et al., 2010; Staudt et al., 2010) . We found increased expression of IRF4 in activated naïve CD4 T cells from older individuals even when cultured in the absence of exogenous IL4. We did not find an effect of IRF4 in IL9 promoter reporter gene assays in HEK293T, possibly due to the lack of a coactivator that is required for IRF4
binding. In support of the notion that increased IRF4 expression with age is functionally important, reducing the expression of IRF4 expression in naïve CD4 T cells from old individuals significantly reduced TH9 polarization. Of note, IRF4 is not specific to TH9 commitment but also involved in TH2 and TH17 differentiation (Huber & Lohoff, 2014) . However, TH2 differentiation was not increased with age, at least not under conditions of optimal TCR stimulation used here, again implying that a combination of aging-associated differences in TF expression rather than a single TF biases the observed preference in lineage development.
In reporter gene assays, the increased transcription of IL9 in activated and polarized naïve CD4 T cells from older adults was mapped to the IL9 promoter. PU.1 and IRF4 bind to a sequence motif in the promoter, but they were not the only TFs involved in IL9 transcriptional changes with age. Transcriptome studies of naïve CD4 T cells activated under nonpolarizing conditions showed aging-associated changes in a multitude of transcriptional activators and repressors that favored TH9 development. Most importantly, we found BATF to be overexpressed, reminiscent to our previous finding in CD8 T cells that increased accessibility to BATF-binding motifs is an epigenetic hallmark of T-cell aging (Moskowitz et al., 2017) . In murine studies, BATF is important for the majority of TH9-associated genes, including IL9, emphasizing the relevance of this TF (Jabeen et al., 2013) .
Naïve CD4 T cells from BATF-deficient mice exhibited impaired TH9 differentiation, while overexpression of BATF enhanced the propensity to produce IL9 (Jabeen et al., 2013) . As shown in Figure 6 , silencing of BATF in naïve CD4 T cells from older individuals reduced IL9 production when cultured under TH9 polarizing condition.
Other transcriptional activators, which have been described to bind to the IL9 promoter and were found to be overexpressed with age, include HIF1α, GATA3, and ETV5 (Kaplan, 2016; Malik et al., 2017; Singh, Garden, Lang, & Cobb, 2016; Wang et al., 2016) . In contrast, BCL6 and ID3, transcriptional repressors of IL9, declined with age. ID3 prevents binding of E2A and GATA3 (Nakatsukasa et al., 2015) , while BCL6 competes with STAT5 binding at the promoter region of IL9 (Bassil et al., 2014) . Overexpression of either ID3 or BCL6 in CD4 T cells from older individuals reduced their ability to differentiate into IL9-producing cells ( Figure 6 ). Again, while important for TH9 differentiation, these TFs in other context are also important for other lineages, for example, BATF is involved in TFH and TH17 differentiation, while BCL6 is required for TFH (Crotty, 2014; Schraml et al., 2009 ).
Our data on TF networks in naïve CD4 T cells are consistent with the concept that immune aging involves the activation of T-cell differentiation pathways resulting in a loss of naivety and stemness . Throughout adult life, the T-cell compartment is maintained by homeostatic proliferation that is under the control of cytokines as well as requires survival signals from TCR Yanes, Gustafson, Weyand, & Goronzy, 2017) . Cytokine-driven differentiation is a hallmark of virtual memory CD8 cells that accumulate in the mouse with age (Nikolich-Zugich, 2014). Naïve human T cells exhibit phenotypic changes that are suggestive for partial activation or differentiation (den Braber et al., 2012; Kohler & Thiel, 2009; Pekalski et al., 2017) . Also, alterations in microRNA expression patterns with aging are indicative of T-cell differentiation, including the loss of miR-181a (Gustafson et al., 2019; Li et al., 2012) and an increase in miR-21 that favors the activation of TF networks characterized by the reduction in TCF7, BCL6, and ID3 . Finally, our studies on the epigenome of human naïve CD8 T cells have shown an aging-associated increased accessibility for bZIP family TFs, including BATF, which is reminiscent of effector cells (Moskowitz et al., 2017) .
Previous studies in stem cells have provided evidence for the concept that the aging process involves the activation of TF networks, which limit or influence the differentiation potential (de Haan & Lazare, 2018) . The primary example is the switch from lymphoid to myeloid lineage propensity in stem cells with age, again related to the expression of BATF (Wang et al., 2012) . In this model, aging is the consequence of the activation of physiological differentiation pathways. Our studies extend this model to T-cell aging. A functional consequence is a loss in plasticity that is inherent to naïve T-cell function.
The implications of an increased TH9 propensity for aging are less clear. So far, the relative importance of TH9 cells in vivo has been difficult to define. TH9 cells require antigen-driven activation to produce IL9, which may explain why IL9 serum concentrations are not increased with age (Whiting et al., 2015) . Tissue distribution and activation of TH9 cells will determine their impact. So far, TH9 cells are preferentially found in the skin and are recruited to mucosal surfaces (Clark & Schlapbach, 2017; Stanko et al., 2018) . IL9
receptor-expressing cells include T cells, mainly of the CD4 subtype, hematopoietic precursor cells, mast cells, epithelial cells, and airway smooth muscle cells (Kaplan et al., 2015) . As a growth factor, IL9
supports erythroid hematopoiesis as well as T-cell homeostasis, but also mast cell proliferation (Kaplan et al., 2015) . Indeed, mast cells in the skin have been shown to increase with age and contribute to skin aging (Gunin, Kornilova, Vasilieva, & Petrov, 2011) . In the intestine, IL9 has a negative impact on epithelial proliferation and repair mechanisms increasing intestinal permeability (Vyas & Goswami, 2018; Weigmann & Neurath, 2017) . IL9 has, therefore, been proposed to contribute to the disease manifestations of inflammatory bowel syndrome (Vyas & Goswami, 2018) . Along the same lines, it could be a causal factor for decreased mucosal barrier function with age. Thus, 
| In vitro T-cell differentiation
Isolated naïve CD4 T cells were activated with anti-CD3/anti-CD28 beads (Life Technologies) at a 1:5 ratio and cultured for 7 days under the following conditions: TH1, 10 ng/ml IL12 and 1 μg/ml neutralizing anti-IL4 antibody (Ab); TH2, 20 ng/ml IL4 and 10 μg/ml neutralizing anti-IFNγ Ab; and TH9, 10 ng/ml IL4 and 5 ng/ml TGFβ1. To generate Tregs, naïve CD4 T cells were cultured on plates coated with anti-CD3 (5 μg/ml) and anti-CD28 antibody (1 μg/ml) in the presence of IL2 (2 ng/ml) and TGFβ1 (5 ng/ml). All cytokines were purchased from PeproTech. All antibodies were from R&D Systems. TGFβ receptor inhibitor SD-208 was purchased from Selleck Chemicals.
siRNA for TGFβR3, BATF, IRF4, and plasmids expressing BCL6 or ID3 were transfected into naïve CD4 T cells on day 3 after activation using the Amaxa Nucleofector system and P3 primary cell Nucleofector Kit (Lonza). TF expressions were examined on day 5 and the frequencies of cytokine-producing cells were determined on day 7 after restimulation. siRNA were purchased from Dharmacon Inc. and plasmids were from Genscript.
| Flow cytometry
Cells were stimulated with 50 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma), 750 ng/ml ionomycin (Sigma) for 4 hr in the presence of GolgiPlug (BD Biosciences). Cells were then stained with anti-CD4 Ab and LIVE/DEAD™ Fixable Violet Dead Cell Stain Kit, followed by standard fixation and permeabilization according to the manufacturer's protocol (BD Biosciences) and stained with antibodies to IL9, IFNγ, and IL4 (BD Biosciences). Phosflow was performed using Cytofix Buffer and Perm Buffer III following the BD Phosflow™ protocol (BD Biosciences). Cells were treated with TGFβ1 (5 ng/ml) for indicated times, fixed with warm Cytofix Buffer containing phosphatase inhibitor, followed by permeabilization and staining with Ab to pSMAD2/3 (BD Biosciences). Data were collected with a BD LSR Fortessa and analyzed by flowjo software.
| qPCR
Total RNA was isolated using RNeasy Plus Micro Kit 
| RNA-seq and downstream analysis
Naïve CD4 T cells were activated with anti-CD3/anti-CD28 beads at a 1:5 ratio and cultured for 5 days. Total RNA was isolated using RNeasy Plus Micro Kit (Qiagen), RNA quality was checked with a 2100
Bioanalyzer (Agilent Technologies). Libraries were prepared with Ovation Human FFPE RNA-Seq Library Systems (NuGEN), quantified using a KAPA Library Quantification Kit (Kapa Biosystems), and sequenced on an Illumina NextSeq 500 at the Stanford Functional Genomics Facility. RNA-seq reads were aligned to hg19 with STAR.
Principal component analysis was run based on the top 500 most variable genes. Differential expression was tested using Limma/ edgeR after removing genes with low number reads. Genes were considered to be differentially expressed if Benjamini-Hochberg adjusted p-values were <0.01. Pathway enrichment analysis was performed using DAVID with genes significantly different. EASE Score (a modified Fisher Exact p-value) was used to assess the quality of the enrichment with score <0.1 considered as enriched. Sequence data are available from the SRA database under accession number SRP158502. TF target genes were obtained from published ChIPseq (BATF), expression data (IRF4), or experimental data (HIF1α; Benita et al., 2009; Kurachi et al., 2014; Shaffer et al., 2008 ).
| Reporter gene assays
The human IL9 promoter region from −406 to +361 bp was cloned into a pGL3-basic plasmid. pGL3 basic plasmids or pGL3-IL9, the Renilla luciferase reporter pR-TK, and the indicated genes were co-transfected into HEK 293T cells using FuGENE HD Transfection Reagent (Promega). Forty-eight hours after transfection, luciferase activity was determined using the dual luciferase reporter assay system (Promega). Alternatively, pGL3-IL9 and the Renilla luciferase reporter pR-TK were transfected into naïve CD4 T cells on day 4 after activation using the Amaxa Nucleofector system and P3 primary cell Nucleofector Kit (Lonza). Three days after transfection, luciferase activity was determined.
| Statistical analysis
Statistical analysis was performed using graphpad prism 7.0 employing paired and unpaired two-tailed t test, Wilcoxon rank sum tests, or one-way ANOVA, when appropriate; a p-value of <0.05 was considered significant. Sample sizes between 10 and 20 samples per group for two-group comparisons were chosen. A total of 20 samples per group provide 80% power for detecting a between-group difference of 0.9 SD and 10 samples per group for detecting 1.3 SD at the significance level of 0.05 based on the two-sample t test. All data are presented as mean ± SEM. 
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